Abstract
INTRODUCTION
CNC machine tool is the premise to realize the modernization of manufacturing technology and equipment because it is the cornerstone of equipment manufacturing, a industry fundemental to national economy and people's livelihood (Lei and Hsu,2003) .So far, the research and production of middle and high grade CNC machine tool in China still lag behind the international advanced level. Multi-billion dollar deficit is resulted from the trade of machine tools each year, most of which the import of high grade CNC machine tools (Chen et al., 2011; Semache et al., 2015; Zhu et al., 2012; Zhu et al., 2016) . The performance of machine tool is reflected by reliability, which in turn is demonstrated by the MTBF (Braglia et al.,2012) . Low reliability is the major constraint on the development of domestic high grade CNC machine tools. The accurate prediction of MTBF is of great significance to identifying the life pattern of machine tools and the quality of products (He, 2016) . According to the failure data of 20 machine tools, Zhang et al determine the MTBF distribution model of this group of machine tools by the conventional mathematical statistics method. Due to the small sample size, the results are for reference only (Zhang et al., 2009) . Based on the data of a fixed time censoring test with replacement on 10 machining centers, Dai et al applies the methods of maximum likelihood and likelihood ratio to obtaint the point estimate and interval estimate of MTBF of the machining centers (Dai et al.,2007) . It is impossible to carry out large-sample statsitical test to predict and assess reliability. Due to the complex structure and high cost of high grade CNC machine tools, doing so would consume an excessive amount of manpower and financial resoruces. Fortunately, the Bayesian-based reliability assessment method can determine the prior information by making full use of the information related to the system and subsystems (useful information in product development, prior simulation information, historical data information and test information of similar products), and then predict the MTBF of the machine tool using the Bayesian method to integrate the prior information and small-sample test data (Ming et al., 2010; Nan et al., 2016; Li et al., 2012) . Yang et alput forward a Bayesian-based reliability modeling and assessment method targeted at CNC machine tools with only small-sample failure data. Through an expert-judgment process which integrates multi-source prior information, they obtain a prior distribution consistent with the pattern of Weibull distribution, seek the post distribution values of 2-parameter Weibull distribution by grid approximation, and reduce the difficulty of integral solution (Yanget al., 2015) . Exploring the Weibull distribution of the life of EMU axle box springs, Li et alconvert the distribution model into exponential distribution without changing the shape parameter. In this way, they simplify the solution of post distribution of Bayesian reliability assessment (Liet al., 2016) . Zhang et al use fuzzy clustering method to classify failure data. He obtains the shape parameter of mixed Weibull distribution, converts the mixed Weibull distribution into mixed exponential distribution which includes conjugate prior distribution, and thereby assesses the reliability of a horizontal type machining center (Zhang et al., 2015) . In light of the degradation data obtained from a small sample (n=2) test of shaft-end radial run-out of a motorized spindle, Qiu et al establishes a 2-parameter Weibull distribution model for the burn-out life of a type of motorized spindle, and estimates the burn-out life based on the model. However, the distribution parameters obtained by maximum likelihood estimation may deivate from the actual values because the statistical data of the test is extracted from only 2 samples (Qiu et al., 2016) .
DETERMINATION OF PRIOR DISTRIBUTION
The authors plan to estimate the MTBF of a VMC-A1 five-axis machining center. The conditions are typical of small-sample reliability test as the machining center is an expensive, high grade CNC machine tool which has not been put into mass production. The prior distribution is determined in accordance with the historical failure data of the mass-produced VMC-A2 machine tool which has similar strcuture, function components and working principle with the research object.
Acquisition of prior information
Probing into the running conditions and sorting out the failure data gathered from manufacturer and user, the authors acquire the 40 lines of failure data of the VMC-A2 machine tool (See Table 1 ) and determine the prior distribution of the machining ecnter based on the failure data. 
Estimation of prior distribution
According to the data in Table 1 , the authors estimates the failure distribution suitable for the VMC-A2 machine tool. Combined with test data and expert advice, it is assumed that the life distribution of the machine tool meets the 2-parameter Weibull distribution: 
, r denotes the number of samples. The test statistic W follows the F-distribution with degrees of freedom=2. When the confidence coefficient is 0.9 (α = 0.1), the rule is as follows:
2( 1), 2 , accept : Next, the authors calculate the parameters of Weibull distribution by analyzing and processing sample data, and acquire the reliability life distrituion model of the machining center. The cumulative distribution function of the 2-parameter Weibull distribution is:
Convert the above formula to obtain:
Take the natural logarithm on both sides to obtain:
, x= lnt, andB=-βlnα to obtain the liner regression, which is generally written as y=Ax+B. Convert the observed TBFs t 1 , t 2 , t 3 ... t n into x i , y i (i = 1,2,3…n). In this case, the intercept B and slope A of the regression line can be obtained by the least squares method, laying the foudnation for the estimation of α and β values of the 2-parameter Weibull distribution. x i is obtained from x i = lnt i . Before calculating the value of y i , the value of F(t i ) should be estimated by the median rank:
Where, i denotes the serial number of each failure of the machining center; r denotes the total number of failures.
The 40 lines of failure data (See Table 1 
Verification of the prior distribution
For small-sample data (n<50), the K-S test is used to verify whether the null hypothesis H 0 is true.
Suppose the distribution function F(x) of matrix X is unknown. However, F 0 (x) is a known theoretical distribution function, which does not contain unknown parameters. Hence, it is assumed that:
Obviously, when H 0 is true, F(x)= F 0 (x).Thus, the authors test H 0 by |F(x)= F 0 (x)|,where
is the test function of the n samples (X 1 ,X 2 ,…,X n ) randomly extracted from the matrix X. Due to the randomness of the sample, |F(x)= F 0 (x)|is usually not 0. But its size can still be used to test whether H 0 is true. Acccording to Kolmogorov, the test statistic of H 0 is:
D n is the difference degree between the theoretical distribution F 0 (x) and the empirical distribution F n (x) .
F n (x) is a ladder-type monotonic non-decreasing function:
WhereX (1) « X (2) « … « X (n) isthe order statistics of samples X 1 , X 2 , ..., X n .Because F 0 (x) and F n (x) are monotonic non-decreasing functions of x, the authors first seek the deviation value |F n (x)= F 0 (x)| of the samples at each order statistic X (i) ,and then take the largest value as the value of the statistic D n , i.e.:
At the given significance level , the cricical value D (n,a) can be obtained by looking up the attached table based on the sample size n. Since P(D n >D (n,a) )=α 
=3.959).
On this basis, the authors draw the curve of the failure probability density function (See Figure 1 ) and the reliability curve (See Figure 2) of the machining center.
The average MTBF of the machining center is the mathematical expectation E(t) of the failure interval t. The mathematical expectation is MTBF= E(t)=825.5023h,and standard
. At this point, the authors have obtained reliable life information of the VMC-A2, a product similar toVMC-A1 five-axis machining center, thereby providing the prior information for Bayesian-based assessment of the machining center. 
Prior information compatibility test
The field test sub-sample is completely believable, and the prior information is generally compatible with the field information under a certain confidence level. Hence, the authors use Wilcoxon-Mann-Whitney rank sum method to test the compatibility between the prior information and the field data. See Table 3 for the small-sample field test data of VMC-A1 machine tool. The data in Table 1 and Table 3 are combined to calculate the rank sum of prior information sample X. Let the prior data sample X=(X 1 , X 2 ,…, X n ) and field data sample Y=(Y 1 , Y 2 ,…, Y m ). Mix the two samples and arrange the elements in ascending order. In this way, the order statistics (Z 1 < Z 2 <···< Z n+m ) are obtained. If X k =Z j , the order of the k-th element X k in the prior data sample X is j. In other words, the rank of X k is j, i.e. r k (X)=j. Wilcoxon et al. put forward that the sum rank of the prior information sample X can be used as the test statistic, i.e.
, and the test statistic T has the following relationship: P(T 1 <T< T 2 |H 0 )=1−α, where α is the significance level. At the given α, look up the table for the value of T 1 and T 2 . If T≤T 1 or T≥T 2 , the two samples are deemed as belonging to different matrices; otherwise, they are deemed as belonging to the same matrix. The confidence coefficient is 1-α. Because n and m have high values, if X and Y belong to the same matrix, then:
Using the test method of normal distribution, the following relationship can be established: 
Where μ α is the α quantile of the standard normal distribution. Thus, at the test level α, when formula (16) is establishment, the two sub-samples are deemed as not belonging to the same matrix; otherwise, the two sub-samples belong to the same matrix. 
The data in Table 1 and Table 3are combined to calculate the rank sum of prior information sample X:
. Substitue n=40 and m=12 into formula (16) to obtain JY =0.7384. In reference to the . As a result, the two subsamples belong to the same matrix at the significance level of 0.9. Thus, the prior information and field information are deemed as compatible with each other.
The estimate value of scale parameter  is:
The upper and lower confidence limits α U and α L of scale parameter  are : 
Meanwhile , the post density function of shape parameter  is: 
The estimate value of shape parameter  is:
The upper and lower confidence limits β U and β L of shape parameter are : 
In accordanec with the failure data in Table 3 and the prior information, the authors estimate that  1 = 1 and  2 = 6. The scale parameter α, the shape parameter  and the point estimate and interval estimate at the confidence of (1-0.05) of machine tool MTBF are calcualted by by formulas (17)~(26). See Table 4 for the results, Figure 3 for the curve of failure probability density function, and Figure 4 for the reliability curve. At present, the classical method of Weibull distribution is the maximum likelihood estimation. Because there is no 2D sufficient statistic of the two parameters of Weibull distribution, the Fisher information matrix is often used to solve the covariance matrix of the distribution parameters, thereby realizing the interval estimate of the aprameters.To facilitate comparative studies, the authors seek the point estimate and interval estimate at the confidence of (1-0.05) α,  and the MTBF by combing the classical maximum likelihood estimation method with the Fisher information matrix and considering the failure data in Table 3 . See Table 5 for the results. Comparing the data in Table 4 and  Table 5 , the authors find that: because of the use of prior information, the results of the Bayesian method are larger than those of the classic likelihood method, indicating that the prior information can correct parameter estimation. 
3.CONCLUSION
(1) Integrating field and test data and giving full consideration to the prior information and actual working condition of the equipment, this paper realizes real-time and reliable life prediction of the five-axis machining center by Bayesain method, proving that the failure time of VMC-A1 five-axis machining center satisifes the the pattern of 2- (2) In view of the limited number of failure data of the high grade CNC machine tool, the authors chooses the small-sample Bayesian realibility assessment method to predict the MTBF of the machine tool. The prior distribution is determined on the basis of the test information of a similar product. Then, the authors carry out MTBF reliability prediction and assessment of the research object, a certain type of machining center. The numerical example shows: thanks to the prior information's correction effect on parameter estimation, Bayesian method yields more reasonable and accurate results than the classic likelihood estimation which is only based on small-sample failure data. The Bayesian-based small-sample reliability assessment method has a great engineering significance because it is often impossible to predict and assess the relaibility of high grade machanical products by big-sample statsitical test.
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